Introduction
The cultivated peanut, Arachis hypogaea L., originated in the southern Bolivia -northern Argentina region of South America. The species is an annual allotetraploid with A and B genomes (2n = 4x = 40) and is widely grown in tropical and subtropical regions. Arachis monticola Krapov. et Rigonii is the only closely related tetraploid species native to northern Argentina and interspecific hybrids between the two taxa are fully fertile (Stalker and Moss 1987) . All other closely related species of Arachis are diploids (2n = 2x = 20) with A, B, or D genomes. At least four species have been proposed as possiblii A-genome donors to the cultivated peanut, including A. cardenasii Krapov. & W.C. Gregory, A. villosa Benth., A. duranensis Krapov. & W.C. Gregory, and A. spega:u.inii (=A. duranensis) (see Stalker and Moss 1987; Kochert et al. 1991) . Arachis duranensis is the most widely accepted donor species of the A genome to cultivated peanut ). An analysis of intraspecific variation in A. duranensis would be valuable for determining its status as a progenitor species of the cultivated peanut, for understanding evolution in the genus Arachis, and for assessing issues of germplasm conservation.
Although A. batizocoi Krapov. & W.C. Gregory has been the assumed B-genome donor to A. hypogaea (Smartt et al. 1978) , recently obtained molecular evidence indicates that it was probably not involved in the ancestry of the cultivated peanut Halward et al. 1992; Paik-Ro et al. 1992; Bianchi-Hall et al. 1993; Stalker et al. 1994) . The donor of the second genome of cultivated peanut appears, based on DNA restriction fragment length polymorphism (RFLP) evidence, to be A. ipaensis Krapov. & W.C. Gregory or a closely related taxon G. Kochert and H.T. Stalker, unpublished data) . 
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Arachis duranensis is an annual species native to northern Argentina and southern Bolivia (Fig. 1) . The species is placed in section Arachis because it has a tap root and pegs that elongate in a vertical direction after they penetrate the soil. The first known accession of A. duranensis (collection K 7988, PI 212893) was collected in 1953 in northern Argentina by A. Krapovickas (Gregory et al. 1973) . In 1977 and 1980, 16 additional accessions were obtained (Simpson and Higgins 1984;  Table 1 ) and have since been analyzed for plant morphology (Stalker 1990 ), seed storage proteins (Bianchi-Hall et al. 1993; Singh et al. 1991 ) , and isozymes (Lu and Pickersgill 1993; Stalker et al. 1994) as part of larger investigations of section Arachis. Accessions of A. duranensis clustered into one broadly defined group using morphological data (Stalker 1990 ) and into several groups using isozymes (Stalker et al. 1994 ) . Seed storage proteins are not useful for defining the species (Bianchi-Hall et al. 1993) .
One accession of A. duranensis (K 7988) was analyzed using RFLPs ) and the single primer polymerase chain reaction (Halward et al. 1992) . Both studies grouped A. spegazzinii with A. duranensis and Krapovickas and Gregory (1994) described the respective taxa as A. duranensis.
In addition to evolutionary and botanical interests, accessions of A. duranensis represent valuable genetic resources for improving the cultivated peanut. Resistance or immunity to several major disease and insect pests, including Puccinia arachidis (Subrahmanyam et al. 1985) , peanut stunt virus (Hebert and Stalker 1981) , and potato leafhopper (Stalker and Campbell 1983) have been reported. The species also has moderate levels of resistance to corn earworm (Stalker and Campbell 1983) , Arachis duranensis will hybridize with the 20-25 other species in section Arachis , including A. hypogaea and A. monticola (Seetheram et al. 1973) . Hybrids with A-genome taxa generally have fertility levels ranging from 25 to 80% and meiotic chromosomes generally pair as bivalents. When the B-genome species A. batizocoi or the D-genome species A. glandulifera Stalker are crossed with A. duranensis, hybrids are sterile and meiosis is irregular (Stalker and Moss 1987; Stalker et al. 1991) .
The objective of this investigation is to characterize variation within the species A. duranensis. A combination of morphological, cytological, and molecular data will be used to describe variability found among the accessions and the implications of this variability will be presented. ) and small leaf (s.l.) types of accession 10038 were treated as separate entries for this study. Data for the following traits were collected: presence or absence of flowers on the mainstem; mainstem and lateral branches erect or prostrate; length of mainstem; length of longest lateral branch; relative amount of lateral branching; length and width of mainstem and lateral leaves and leaflets; shape of mainstem and lateral leaflets; shape of the leaflet apex on mainstem and lateral leaves; stipule length and petiole length of mainstem and lateral leaves; internode length between leaflets on mainstem and lateral leaves; numbers of trichomes on stems, upper and lower leaflet surface, and leaflet margins and pegs; length and type of trichomes on leaf and peg; flower height, width, shape and color, and hypanthium length; peg length, width, and shape; pod reticulation and beak size and seed length, width, color, reticulation, and shape; and flowering pattern on lateral stems. In addition, the following six derived variables were evaluated: mainstem and lateral leaf length/width ratios, mainstem and lateral leaflet length/width ratios, and pod and seed length/width ratios. The three values for the three plants of an accession were averaged for each trait, providing one value for each of the 54 variables measured for an accession.
Materials and methods
Based on the morphological analysis, 11 accessions representing the most unique types were used in crossing programs during 1991 and 1992. Flowers were hand emasculated during the afternoon between 3 and 5 p.m. and pollinated the following morning between 8 and 10 a.m. Pegs with the emasculated attached flower were tagged, and seeds from crosses harvested, dried, and planted the following spring in the greenhouse. At least 300 pollen grains of two flowers collected on 2 separate days were analyzed as an estimate of male fertility. Meiotic chromosome relationships of hybrids were analyzed according to the methods described by Stalker et al. (1991) . In addition, somatic chromosomes of six accessions, including 7988, 30061, 30064, 30067, 30070, and 10038, were karyotyped using procedures described in Stalker and Dalmacio (1981) .
Eighteen accessions were evaluated for variability using conventional RFLP methods as described by Kochert et al. (1991) . DNA was isolated from leaves derived from single plants. Three to five plants from each accession were separately isolated to check for variation within accessions. Total DNA from each plant was digested with one of four restriction enzymes (DraI, EcoRV, HaeIII, HindIII) and separated in 0.8% agarose gels. Following Southern blotting, a set of 34 probes that had previously been mapped on the peanut RFLP map (Halward et al. 1993) were used as hybridization probes. Because 6 probes did not detect variation within or between accessions, only the 28 variable probes were analyzed. These probes provided good coverage of the genome and included markers from most of the linkage groups (Fig. 2) . Fig. 2 . Highlighted RFLP probes were used in surveying genetic variation in A. duranensis. All probes are cDNAs previously mapped in a F 2 population derived from a A. cardenasii X A. stenosperma cross (Halward et al. 1993 I RFLP banding patterns were analyzed using one restriction enzyme for each probe (the number of unique fragments was scored for each accession). Each RFLP band was scored as present or absent in each plant. The combined data were analyzed using parsimony by the PAUP computer program (Swofford 1991) . Heuristic searches were performed with the Mulpars option set. Genetic distance data were obtained from PAUP and used to construct neighbor-joining trees using the JOIN program of the PHYLIP package obtained from br. Joe Felsenstein, University of Washington.
Results
Analyses of plant morphological traits clustered the 18 accessions analyzed into two small and one diverse group (Fig. 3) . Accessions of the previously named species A. spegazzinii (10038 1.1., 10038 s.l., and 30060) clustered together and .had negative principal component I values; 30069 and 30077 formed a second group, whereas a continuous and variable group included the remaining 14 accessions. The most important characters separating accessions on principal component I were the lateral leaf length/width ratio, prominence of the pod peak, mainstem leaf length, mainstem leaf width, and lateral leaf width. Accessions were separated on principal component II by the amount of venation on pods, lateral leaf length, and the shape of the apex of lateral leaves. There was no apparent relationship between accessions within a group and geographical origin. For example, the collections of A. duranensis used in this study can be separated into northern and southern groups (Fig. l) ; however, northern and southern accessions do not cluster separately in the principal components analysis.
Intraspecific hybrids were obtained for 31 combinations (Table 2 ). Fertility of F 1 s ranged from 4.7, 5.6, and 9.7%
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•30064 for 30065 X 30077, 30064 X 30077, and 36036 X 30077, respectively, to 87% for 30071 X 30069. Several other hybrid combinations had greater than 95% fertility but these could not be confirmed morphologically and thus the data are not included in this report. Most intraspecific hybrids, however, had fertility levels ranging from 25 to 75% (Table 2) . Hybrids between accessions 7988 and 10038 (=A. spegazzinii) ranged from 54.7 to 58.5% fertility and univalents or multivalents were not observed. Most other hybrids also had 10 bivalents in pollen mother cells (PMCs). Three crosses averaged more than 0.3 univalents per cell, including 30064 X 30071, 36036 X 30067, and 36036 X 30069. Each of these cases represents a cross between a southern and a northern accession. Comparing the average fertility levels with corresponding univalents or multivalents in hybrids listed in Table 2 , there is no apparent trend to account for sterility based on chromosome associations.
Multivalents were found at a low frequency (0.01-0.26/PMC) in 12 of the 27 hybrids. Nine of these crosses had either accession 30069 or 30075 as one of the parents. The presence of quadrivalents most likely represents chromosome translocation differences among the accessions. Additional evidence of translocations was found after karyotyping six A. duranensis accessions (Table 3) . Five of the six accessions had a symmetrical chromosome 1, whereas in 30067, chromosome 1 was submedian. Little differentiation was observed for chromosomes 2, 3, 4, 5, and 7, whereas only 7988 had an asymmetrical chromosome 6. Several accessions had either an asymmetrical chromosome 9 or 10 but these two chromosomes were median in other genotypes. Additional karyotypic evidence for intraspecific differentiation is seen in the different relative lengths of chromosomes 9 and 10. For example, chromosome 10 was only 67% of the length of chromosome 9 for accession 7988, whereas chromosome 10 was 80% of the length of chromosome 9 in accession 30070. In summary, most karyotypic differentiation in the species was observed on the two smallest chromosomes but also on chromosomes 1 and 6. The RFLP probes used in this study were all derived from cDNA libraries produced from the cultivated peanut, A. hypogaea (Halward et al. 1993 clear RFLP patterns (for example, the three probes shown in Fig. 4 ). RFLP banding patterns showed abundant variation between accessions and some variation within accessions (Tables 4 and 5 ). Most RFLP fragments were found in more than one accession but some accession-specific fragments were also observed. For example, a 9.4-kilobase (kb) EcoRV fragment detected with probe Xuga.crl99 from linkage group lb was unique to accession 30074 (Table 4) . Most plants exhibited little evidence of heterozygosity for different alleles at a RFLP locus, which would indicate that A. duranensis reproduces largely by selfing. However, two plants were heterozygous for all probes and appeared to be F 1 or F 2 hybrids (plant A of accession 30070 and plant A of accession 30071 (Fig. 4) ). When the banding pattern for these plants was compared with that of the other accessions, it was evident that 30070A could have been produced by hybridization between accession 30070 and either accession 36003 or 30069. Plant 30071A could have been produced by hybridization between accessions 30071 and 36036.
When the RFLP data were analyzed by neighbor joining based on genetic distance or by parsimony, relationships between the accessions could be determined. Accessions 30084 (A. kempff-mercadoi) and 30092 (A. magna) were used as outgroups for the RFLP study because an earlier study (Halward et al. 1992 ) had placed these two accessions close to A. duranensis. Neighbor-joining and parsimony analysis gave generally similar results. The tree generated by neighbor joining (Fig. 5) genetically very similar even though they are morphologically distinct. RFLP variation appears to correspond with geographic distribution. In general, accessions collected from adjacent localities (e.g., 30077 and 30078; 30070, 30071, and 30072; and 30060 and 30061) clustered on the neighbor-joining tree (Fig. 5) . The grouping pattern of the tree reflects the northern and southern geographic groupings, except for the anomalous placing of accession 30069, which was collected in the north but groups with the southern accessions (Fig. 5) . Also, plants from accessions 30069 and 36003 showed no RFLP differences with any of the 28 probes; therefore, an error in sampling or seed source is suspected.
To determine whether the collection of additional accessions of A. duranensis would yield additional genetic diversity, the number of different RFLP fragments per accession was determined. When this total number of RFLP fragments is plotted against the number of accessions, a relationship that approaches the linear is obtained (Fig. 6) , suggesting that if more accessions were collected more genetic diversity would be obtained.
Discussion
Arachis duranensis can be differentiated from other members of section Arachis by a combination of traits, including annual habit, small flowers, obicular to obcordate leaflets, and small oblong seeds. The two taxa previously called A. duranensis and A. spegazzinii are morphologically distinct because A. spegazzinii has elongated petioles and stems, has a more delicate appearance, and has fewer trichomes. The species are not, however, genetically unique based on isozyme data (Stalker et al. 1994) 
ABCDE ABCDEABCDE ABCDABCDE Genome, Vol. 38, 1995 Krapovickas and Gregory (1994) . accessions of one diploid Arachis species. This study demonstrates that a large amount of genetic diversity, as measured by morphological, cytological, molecular, and intercrossing data, exists among the various accessions of Genetic variation for isozymes (Stalker et al. 1994 ) , RFLP Paik-Ro et al. 1992) , and random amplified polymorphic DNA (Hal ward et al. 1992) has been reported for several species of Arachis including accessions of A. duranensis. The first study on RFLP diversity in accessions of wild peanut was that of Kochert et al. (1991) , which indicated that A. duranensis (PI 262133, accession 10038) was a likely diploid progenitor of the allotetraploid cultivated peanut. Paik-Ro et al. (1992) compared four diploid wild species accessions with A. monticola and concluded that A. duranensis (PI 468201, accession 30065) was very closely related to A. hypogaea. The present work, however, is the first to study a large number of
A. duranensis.
Most RFLP variation observed was between accessions, but variation was also found within accessions. For example, three plants were studied from 30064, and plant A was different from the other two plants for nearly every probe studied (for example see Fig. 4 ). This could have resulted from mislabeling or a seed mix-up at some time during the collection and maintenance process because a matching pollen parent could not be identified in plant nurseries. RFLP variation within the two accessions 30070 and 30071 clearly resulted from hybridization. For 30070A, the data are consistent with either accession 36003 or 30069; for / 0\ Fig. 5 . A neighbor-joining tree of A. duranensis RFLP data. Data of a single plant from each accession were used to construct the tree. Accession 30092 was assigned as an outgroup. Accessions formerly termed A. spegazzinii are labeled in bold type. Groups of accessions from the northern and southern groups of the distribution (Fig. 1) are noted. 3007 lA, the pollen parent was apparently accession 36036. The results demonstrate that cross-pollination does occur even between accessions that were separated by 60 m or more and separated by incompatible genotypes. To maintain purity of peanut accessions, it will clearly be necessary to carefully plan planting schedules and the spatial distribution of plots to prevent cross-pollination. However, nearly all other individual plants studied were homozygous at all loci analyzed, which indicates that these plants reproduce largely by selfing in nature. Analysis of RFLP data from nuclear sequences has been used to evaluate germplasm of several genera for genetic relatedness (Friar and Kochert 1991; Kesseli et al. 1991;  {() \ King et al. 1993; Lubbers et al. 1991; Miller and Tanksley 1990; Nienhuis et al. 1993; Velasquez and Gepts 1994) . However, if multiple enzymes are used with the same probes, then, in some cases, independence of characters can be compromised. We attempted to avoid this problem by using probes for loci that have been mapped to widely separated parts of the Arachis genome and by using only one enzyme for each probe. When analyzing data, we have used a conservative approach, genetic distance analyzed by neighbor joining. Further, we did perform PAUP analysis and found that nearly identical relationships were obtained.
All A. duranensis accessions are closely related based on crossability and meiotic cytogenetic relationships, even though fertility was low in several crosses. It is not entirely clear, however, how to properly analyze relationships among accessions of a species for which intercrossing could have occurred in nature. Given the lack of evidence for long-distance dispersal in Arachis, we assumed that accessions which are located in geographic proximity would be most closely related and that accessions from extremes of the range should cluster into northern and southern groups. First, crossing data supported separation into northern and southern groups because the largest number of univalents and the lowest overall fertility were observed in hybrids between geographically distant accessions. The RFLP data also fit expected patterns. An exception was accession 30069, which is a northern accession grouping with the southern accessions. No RFLP differences with any of the 28 probes differentiated it from 36003. This unexpected result is likely the result of a mistake in labeling at some time since these accessions were collected. Further, 30069 must be the mislabeled accession, since 36003 appears to be properly placed in the neighbor-joining tree (Fig. 5) .
A linear relationship was found between the number of RFLP alleles detected and the number of observed accessions. Based on this relationship we expect additional RFLP diversity would be found if more collections are made. Because cultivated peanut accessions represent a very narrow germ plasm base Kochert et al. 1991) , collection and use of wild peanut germplasm is desirable. Accessions of A. duranensis should be especially valuable if one of the genomes present in A. hypogaea was derived from this closely related species G. Kochert and H.T. Stalker, unpublished data) . A longer term justification for additional collection of A. duranensis accessions is to preserve genetic diversity before it is lost because of habitat destruction. The value of accessions of A. duranensis in breeding programs ultimately will depend on utilizing genes of agronomic value that may not be directly related to RFLP diversity. The key question in deciding whether to collect more accessions of A. duranensis then becomes whether RFLP diversity translates into increased variation for desirable traits. Although this has not been determined for wild peanut accessions, other potentially relevant studies have shown that RFLP diversity is useful in predicting breeding value (Melchinger et al. 1990 (Melchinger et al. , 1992 Messmer et al. 1991; Smith et al. 1991 Smith et al. , 1992 .
In summary, comparisons of the groupings produced by analysis of RFLP markers with those by morphological data indicate that the molecular characters produce a better fit to the geographical location where the accessions were collected. Also, the codominant nature of RFLP markers made it possible to clearly detect hybridization between accessions and to determine the parents of the resultant hybrids. We can confidently predict that additional collections of A. duranensis accessions will yield more genetic diversity. All these factors illustrate the utility of molecular markers in germplasm evaluation and maintenance.
